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A B S T R A C T
In this work we characterized the degenerative process of ovarian follicles of the bug Rhodnius prolixus
challenged with the non-entomopathogenic fungus Aspergillus niger. An injection of A. niger conidia
directly into the hemocoel of adult R. prolixus females at the onset of vitellogenesis caused no effect on
host lifespan but elicited a net reduction in egg batch size. Direct inspection of ovaries from the mycosed
insects revealed that fungal challenge led to atresia of the vitellogenic follicles. Light microscopy and
DAPI staining showed follicle shrinkage, ooplasm alteration and disorganization of the monolayer of
follicle cells in the atretic follicles. Transmission electron microscopy of thin sections of follicle
epithelium also showed nuclei with condensed chromatin, electron dense mitochondria and large
autophagic vacuoles. Occurrence of apoptosis of follicle cells in these follicles was visualized by TUNEL
labeling. Resorption of the yolk involved an increase in protease activities (aspartyl and cysteinyl
proteases) which were associated with precocious acidiﬁcation of yolk granules and degradation of yolk
protein content. The role of follicle atresia in nonspeciﬁc host–pathogen associations and the origin of
protease activity that led to yolk resorption are discussed.
 2011 Elsevier Ltd. 
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The ability of insects to occupy almost every niche in nature is
due at least in part to their typically high reproductive outputs.
Some insects are able to lay a mass of eggs equivalent to half their
body mass within hours (Papaj, 2000). Oogenesis could thus
represent an interesting target to develop novel strategies for
insect population control, especially since several species are
vectors of human and livestock diseases or cause other agriculture
losses (Bu¨ning, 1994).
Developing oocytes are surrounded by a monolayer of cells, the
follicle cells, which delimitate individual ovarian follicles and* Corresponding author at: Laborato´rio de Entomologia Me´dica, Instituto de
Biofı´sica Carlos Chagas Filho da Universidade Federal do Rio de Janeiro, Pre´dio do
CCS, bloco D, sala 13, Av. Carlos Chagas Filho 373, Cidade Universita´ria – Ilha do
Funda˜o 21941-902, Rio de Janeiro, RJ, Brazil. Tel.: +55 21 2562 6589;
fax: +55 21 2280 8193.
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Open access under the Elsevier OA license.perform crucial tasks during the three major stages of oocyte
development, known as previtellogenesis, vitellogenesis and
choriogenesis. During previtellogenesis, follicle cells transfer cyto-
plasm directly to the oocytes (Huebner and Anderson, 1972;
Huebner and Injeyan, 1981; Bu¨ning, 1994). Later on, during
vitellogenesis, follicle cells undergo cytoskeleton remodeling that
generate intercellular spaces in the follicle epithelium (patency)
through which yolk proteins of extra-ovarian origin diffuse, reaching
the oocyte surface where they are endocytosed via speciﬁc receptors
(Abu-Hakima and Davey, 1977; Oliveira et al., 1986; Bu¨ning, 1994).
These proteins, mainly represented by vitellogenin (referred to as
vitellin after uptake by the oocyte), are stored in structures called
yolk granules (Raikhel and Dhadialla, 1992; Valle, 1993). Addition-
ally, at least in some models, follicle cells themselves synthesize yolk
proteins (Bast and Telfer, 1976; Isaac and Bownes, 1982; Melo et al.,
2000). Yolk granules are mobilized during embryogenesis by acid
hydrolases that are stored by the oocyte during oogenesis and
become active through acidiﬁcation of these organelles during
embryogenesis (Fagotto, 1995; Giorgi et al., 1999). At the ﬁnal stages
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oocyte surface, in a process called choriogenesis (Bu¨ning, 1994;
Fakhouri et al., 2006; Bouts et al., 2007).
As the oocyte ﬁnishes development, follicle cells degenerate via
programmed cell death (PCD) in physiological conditions after
choriogenesis (McCall, 2004; Baum et al., 2005), but under
unfavorable conditions degeneration (atresia) of the ovarian
follicle cells can occur (Huebner, 1981; Hopwood et al., 2001;
Uchida et al., 2004; Ahmed and Hurd, 2006; Bell and Bohm, 1975;
Baum et al., 2005). Studies point out the importance of atresia to
adjustments of the organism to environmental and physiological
conditions such as nutritional status, mating status, host depriva-
tion and infectious processes, among others, allowing the energetic
resources stored in developing follicles to be reallocated to
optimize insect ﬁtness (Bell and Bohm, 1975; Papaj, 2000; Hurd,
2001; Kotaki, 2003). In Diptera and Lepidoptera, follicle cells in
each follicle degenerate via PCD involving well described apoptotic
and autophagic mechanisms after complete oocyte maturation
(McCall, 2004; Nezis et al., 2006a,b,c; Mpakou et al., 2008) and
during atresia (Hopwood et al., 2001; Uchida et al., 2004; Ahmed
and Hurd, 2006; Nezis et al., 2006a,b,c). However, except for the
ultrastructural characterization of cell–cell communications in
atretic follicles made by Huebner (1981), no further cellular
characterization of PCD in Hemiptera, including Triatominae
species, has been performed as far as we know, despite their
importance as disease vectors. Additionally, the proteolytic
enzymes involved in the degradation of yolk content during
atresia have only been studied in a mosquito, where the authors
proposed that previously stored cysteine proteases undergo
precocious activation (Uchida et al., 2001).
Immune defense is shown to impose ﬁtness costs on inverte-
brate hosts via follicle atresia, as has been well established in
malaria-mosquito systems (Hogg and Hurd, 1995; Hopwood et al.,
2001; Hurd, 2003; Ahmed and Hurd, 2006). Various authors have
speculated that pathogens evolved to manipulate reproductive
outputs of the infected arthropod host by inducing resorption of
the ovarian follicles, thus redirecting resources that otherwise
would be spent on host reproduction (Hurd, 2003; Thomas et al.,
2005; Lefevre et al., 2006). It has been hypothesized that these
host–pathogen interactions increase host lifespan and thus
improve chances of dispersion of the pathogen and also divert
host resources to pathogen development (Cole et al., 2003; Hurd,
2003; Thomas et al., 2005; Warr et al., 2006). However, this
hypothesis has not yet been conﬁrmed, even in the long coevoluted
host–pathogen interaction cited above (Hurd, 2003). In Rhodnius
prolixus, an important arrest of oogenesis was observed when there
was a direct injection of the non-entomopathogenic fungus
Aspergillus niger into the insect hemocoel. The arrest of oogenesis
and immune response to fungal infection observed during these
processes are PGE2mediated (Medeiros et al., 2009). Therefore, the
hypothesis of a host-derived rather than pathogen-induced
mechanism of triggering follicle atresia (resembling environmen-
tal stimuli, e.g., starvation) would represent an interesting
alternative. To test the hypothesis of ovarian follicle atresia as a
host-mediated response, the artiﬁcial infection of an insect host
using non-coevoluting organisms would be a suitable system.
In this work we present a model of ovarian follicle atresia elicited
by intrahemocoel injection with the conidia of the non-entomo-
pathogenic fungus Aspergillus niger during the onset of vitellogenesis
in the bug Rhodnius prolixus Stahl. This infectious process elicited a
massive follicle resorption but showed no effect regarding host
lifespan. We characterized the morphological changes in oocyte
content and follicle cells in the atretic follicles using light and
electron microscopy, evidencing PCD via apoptosis and autophagy in
the follicle epithelium, and thus extending previous studies to our
model. Also, two groups of proteases, cysteine and asparticproteases, were implicated in yolk degradation during atresia. The
major importance of host mediation over pathogen induction at the
onset of atresia as well as the origin of proteases involved in yolk
degradation in atretic follicles are discussed.
2. Material and methods
2.1. Chemicals
The synthetic peptide substrate Abz-AEALERMF-EDDnp was
kindly provided by Dr Luiz Juliano (Departamento de Bioﬁsica,
Universidade de Sa˜o Paulo). Zymosan A (a sterile preparation of
yeast cell walls very rich in b-1,3 glucan). Z-Phe-Arg-NHMeC, DTT,
E-64, DAPI, Grace’s insect cell medium and Glutaraldehyde grade I
were from Sigma. OCT1 Compound was from Sakura Tissue-Tek.
PD medium was from Difco. All other reagents were of analytical
grade or superior.
2.2. Insects
R. prolixus were reared as described elsewhere (Bouts et al.,
2007) following the guidelines of CCS-UFRJ Animal Care Ethics
Committee. Adult mated females in their third or fourth feeding
cycle, 48 h post-feeding, were used in all experiments.
2.3. Aspergillus niger conidia
A. niger (strain EK 0197) was grown on PD agar medium for 3
weeks and the conidia were harvested in sterile ultrapure water,
quantiﬁed by hemocytometer counting, pelleted at 1000  g for
5 min and resuspended in sterile Grace’s insect medium to achieve
2  104 conidia/ml. All experiments were performed using freshly
prepared suspensions.
2.4. Fungal challenge and evaluation of survival and egg laying
R. prolixus females had the ventral part of their thorax sterilized
with 70% ethanol and then were slowly injected between the
second and third thoracic segments using a 25 ml Hamilton
syringe. Five microliters of the conidia suspension described above
(inoculum size 105 conidia) were injected. As controls we injected
Grace’s medium alone, or 0.25 mg of Zymosan A. All groups
injected (12–15 insects per batch, 3–4 batches per treatment) were
kept separately in transparent plastic jars and kept at a
photoperiod of 14:10 L:D, 28 8C and 70% relative humidity. Jars
were accessed daily and mortality and egg laying were recorded.
2.5. Evaluation of follicle atresia and isolation of follicles in challenged
R. prolixus
To assess ovarian morphology and follicle development during
infection, challenged females were dissected in saline at speciﬁed
times after the challenge. Their ovaries were dissected free of
tracheae and ovarian sheath under stereomicroscope. Isolated
ovaries were either photographed or had their follicles individual-
ized and used immediately. In this study ovarian follicles were
classiﬁed according to Bjornsson and Huebner (2004). In brief,
follicles were classiﬁed as healthy vitellogenic when they were in
the size range 600–1000 mm and presented translucent homoge-
neous ooplasm. Follicles in the same size range were considered
atretic when they showed ooplasm alterations that could be
identiﬁed under stereomicroscope, described previously (Huebner
and Injeyan, 1981). Follicles up to 400 mm in length were called
previtellogenic and those larger than 1000 mm were called
choriogenic/chorionated. Unless otherwise stated, isolated follicles
were obtained from females dissected 48 h after fungal challenge.
Fig. 1. Reproductive output of R. prolixus challenged with A. niger conidia. Adult
female R. prolixus were challenged with an intra-hemocoel injection of A. niger
conidia 3 days after feeding and the oogenesis was accessed. (A) Cumulative
number of eggs laid by control females (open squares), injected with Grace’s
medium (vehicle) (closed squares) or injected with A. niger conidia (open
diamonds). Points are mean + SEM for cumulative eggs for three independent
experiments with N = 12–15 animals per experiment. (B) Number of vitellogenic
and atretic follicles on Day 4 (24 h post-challenge) and Day 5 (48 h post-challenge)
in ovaries of control animals or injected with A. niger conidia. Bars are mean + SEM
for 9 animals. VT: vitellogenic; AT: atretic.
M.N. Medeiros et al. / Journal of Insect Physiology 57 (2011) 945–953 9472.6. Light microscopy
Healthy vitellogenic and atretic follicles were ﬁxed in 2.5%
glutaraldehyde, 4% paraformaldehyde in PBS for 24 h at 4 8C. For
cryosections, samples were washed and incubated for 12 h in 20%
sucrose in PBS and inﬁltrated for 96 h in increasing OCT
concentrations (25%, 50%, 75% and pure OCT). After freezing in
liquid nitrogen, 7 mm thick longitudinal sections were obtained
and adhered to poly-L-lysine coated glass slides. For conventional
microscopy, sections were stained with 0.1% toluidine blue and
inspected directly. For nuclei staining, transversal sections were
incubated with 0.1 mg/ml DAPI and visualized in a Zeiss Axioplan
epiﬂuorescence microscope equipped with an adequate ﬁlter set
and a TK-1270 JVC color video camera.
2.7. Electron microscopy
Healthy vitellogenic and atretic follicles were ﬁxed by immersion
in 2.5% glutaraldehyde (Grade I) and 4% freshly prepared formalde-
hyde diluted in 0.1 M cacodylate buffer, pH 7.4 for 24 h at 25 8C. After
ﬁxation, the cells were post-ﬁxed in 0.1 M cacodylate buffer
containing 1% OsO4 and 0.8% potassium ferricyanide for 1 h. After
post-ﬁxation the material was washed in the same buffer followed by
dehydration in the acetone series (15%, 30%, 50%, 70%, 90% and 2
100%) for 25 min each and embedded in Polybed 812 resin. Thin
sections were contrasted with lead citrate and uranyl acetate followed
by observation in a Zeiss 900 transmission electron microscope.
2.8. TUNEL assay
Apoptosis was determined in cryosections obtained as de-
scribed above from healthy vitellogenic and atretic follicles, using
the ApopTag1 Plus Apoptosis Detection Kit (Chemicon) following
manufacturer’s instructions, but extending the TdT incubation step
to 16 h at 4 8C. Additional controls were also performed excluding
the TdT enzyme from the labeling buffer and following the assay as
above. Longitudinal sections were revealed with DAB and
photographed under light microscope.
2.9. Yolk granule acidiﬁcation assay
Yolk granule fractions from healthy vitellogenic and atretic
follicles were obtained as described elsewhere (Ramos et al., 2007).
The granules were incubated in the dark for 10 min in Ringer plus
10 mM EGTA containing 5 mg/ml acridine orange. After incubation
the yolk granules were deposited on glass slides and observed in a
Zeiss Axioplan epiﬂuorescence microscope equipped with a
ﬂuorescein ﬁlter set and a TK-1270 JVC color video camera.
2.10. Cysteine and aspartic protease assays
Healthy vitellogenic and atretic follicles were dissected and
homogenized on ice in phosphate buffer (0.1 M sodium phosphate,
0.2 M NaCl, 5 mM EDTA) pH 7.0 or acetate buffer (0.1 M sodium
acetate, 0.2 M NaCl, 5 mM EDTA) pH 5.0. Ten follicles were used from
each sample. Homogenates were submitted to three cycles of freeze
and thaw and centrifuged at 20,000  g for 30 min at 4 8C.
Supernatants were collected and used as protease preparations.
Protease assays were performed by incubating 0.1 follicle equiva-
lents in 50 volumes of acetate buffer pH 4.0 plus 2.5 mM DTT and
10 mM Abz-AEALERMF-EDDnp (Aspartic), or acetate buffer pH 5.0
plus 2.5 mM DTT and 5 mM Z-Phe-Arg-NHMeC (Serine and
Cysteine). Substrate hydrolysis was monitored in an F-MAX 4500
ﬂuorometer (Molecular Devices, Sunnyvale, CA, USA) at 320 nm
excitation and 420 nm emission wavelengths for Abz-AEALERMF-
EDDnp or 380 nm excitation and 440 nm emission wavelengths forZ-Phe-Arg-NHMeC. Steady-state velocities were obtained by linear
regression of the substrate hydrolysis curve (Lima et al., 2001).
2.11. SDS-PAGE
Healthy vitellogenic and atretic follicles were centrifuged at
20,000  g for 30 min at 4 8C. Supernatants were collected and used
as samples for electrophoresis. Protein concentration was deter-
mined by the method of Lowry (Lowry et al., 1951) using bovine
serum albumin as standard. Polyacrylamide gels (10%) were run at
25 mA, applying 10 mg of protein per lane. Gels were silver stained
using the protocol described by Dunn and Crisp (1994).
3. Results
3.1. Fungal infection leads to resorption of vitellogenic ovarian
follicles in R. prolixus
Direct injection of conidia into the hemocoel of R. prolixus
females at the onset of vitellogenesis did not affect host survival
M.N. Medeiros et al. / Journal of Insect Physiology 57 (2011) 945–953948(Log-rank test, p = 0.5553, N = 31–33 subjects). Median survival
was 23, 24.5 and 20 days for control (uninjected group); Grace’s
injected group and fungal injected group, respectively, conﬁrming
the low pathogenicity of A. niger to these insects. Our previous
results (Medeiros et al., 2009) showed that R. prolixus is able to
mount effective cellular and humoral responses to A. niger
inoculation that clear the fungus from the hemolymph. Despite
this effect, the reproductive output of infected females was
signiﬁcantly reduced (One-Way ANOVA with Dunnett’s Multiple
Comparison Test, F = 6.879, p = 0.0018), as the number of eggs laid
decreased from 38 and 33 eggs/female in control and vehicle-
injected females, respectively, to 21 eggs/female in the infected
animals (Fig. 1A). Taking into account only the ﬁrst 14 days after
feeding, the egg laying rates were 3.4, 2.9 and 1.7 eggs/female/day
for control, Grace’s and conidia, respectively (r2 = 0.94, 0.91 and
0.84, respectively). Direct inspection of follicles at 24 and 48 h
post-challenge (days 4 and 5 after feeding, respectively) (Fig. 1B)
has shown that the diminished reproductive output is due at least
in part to the resorption of vitellogenic follicles, as challenged
animals exhibited a drop in the number of these follicles
concomitant with an increase in atresia.
Fig. 2 shows dissected ovaries 48 h post-challenge from animals
previously injected with Grace’s medium alone (Fig. 2A) and from
animals previously injected with conidia (Fig. 2B). These follicles
are characterized by an opaque and clotted gel-like ooplasm
(Fig. 2D) (Huebner, 1981), in opposition to the pink translucent
ooplasm of healthy vitellogenic follicles (Fig. 2C). As a control for
the effect of fungal active metabolism, 0.25 mg of Zymosan A was
injected into females as described in Section 2. Zymosan A is a
known immune elicitor for fungal invasion in D. melanogaster
(Ferrandon et al., 2007). The same pattern of follicle resorption was
observed in animals injected with Zymosan A (not shown), rulingFig. 2. Ovarian follicle atresia during fungal infection. Adult female R. prolixus were ch
dissected 48 h later (i.e. 5 days after feeding). (A) Representative ovaries from females inj
Representative ovaries from females injected with A. niger conidia suspended in Grace’s m
medium alone at greater magniﬁcation showing translucent pink ooplasm. (D) Atretic fol
TR: tropharium; PV: previtellogenic follicle; VT: vitellogenic follicle; CH: choriogenic fout the effect of fungal second metabolites or secreted enzymes on
the onset of follicle atresia. Additionally, Zymosan A evokes cellular
and humoral immune responses in R. prolixus comparable to
challenge with A. niger conidia (Medeiros et al., 2009). Based on
these data, 48 h post-challenge (day 5) was chosen for further
analyses.
3.2. Fungal infection leads to ooplasm degradation and follicle
epithelium alterations
Degenerating follicles obtained 48 h post-challenge were
analyzed by light microscope to evaluate morphological altera-
tions at cellular and subcellular levels. Frozen sections stained with
toluidine blue showed progressive loss of the regular array of
follicle epithelium, with vacuolization of follicle cells (Fig. 3B), in
contrast to the regular juxtaposed arrangement of these cells in
healthy follicles (Fig. 3A). Also the ooplasm of follicles derived from
infected animals was profoundly modiﬁed, with virtually no yolk
granules (Fig. 3B). Follicle cell disorganization becomes even more
apparent in DAPI-stained sections (Fig. 3C–F), also evidencing
follicle shrinkage with the loss of the ellipsoid shape. Electron
microscopy of degenerating ovarian follicles conﬁrmed the
extensive vacuolization of follicle cell cytoplasm, indicating
degeneration of its contents in an autophagy-like process
(Fig. 3G–I). This suggests that these cells are degrading their
own components or cell debris (from other follicle cells or from the
oocyte), as described in other models (Nezis et al., 2006a,b,c;
Peterson et al., 2007). Phagosomes with highly condensed
material, membrane-enclosed lucent vacuoles and electrondense
material could be observed in these micrographs, along with
electron-dense mitochondria (Fig. 3H and I). Also, chromatin
condensation and the reduction of cell volume (Fig. 3H and I), inallenged with an intra-hemocoel injection 3 days after feeding and ovaries were
ected with Grace’s medium alone showing developing follicles in various stages. (B)
edium alone showing atretic follicles. (C) Healthy vitellogenic follicles from Grace’s
licles with A. niger conidia at greater magniﬁcation showing clotted opaque ooplasm.
ollicle; AT: atretic follicle. Bars =3 mm in A and B, 1.4 mm in C and D.
Fig. 3. Cellular aspects of healthy and atretic follicles. (A and B) Isolated follicles were dissected from females 48 h post challenge, processed for cryosections and stained with
toluidine blue. (A) Healthy vitellogenic follicle from female injected with Grace’s medium. Note the regular follicle epithelium with spaces between adjacent cells and the
ooplasm ﬁlled with yolk granules. (B) Inset of atretic follicles (with A. niger conidia) where loss of columnar arrangement, loss of intercellular spaces and vacuolization of the
cytoplasm of follicle cells is evident, as well as the changes in morphology of ooplasm contents. (fe) = follicle epithelium; (Oo) = ooplasm; (yg) = yolk granule. Bars = 50 mm.
(C–F) Isolated follicles stained with DAPI. (C) Healthy vitellogenic follicle from female injected with Grace’s medium. Note the regular follicle epithelium with binucleated
cells. (D) Atretic follicle from female injected with A. niger conidia. Here it is possible to see the collapse of the oocyte. (E) Inset of healthy vitellogenic follicle in A. (F) Inset of
atretic follicle border. Bars = 150 mm in C and D, 25 mm in E and F. (G–I) Isolated follicles were dissected out from females 48 h post challenge and processed for transmission
electron microscopy. (G) Follicle cell of healthy vitellogenic follicle showing loose chromatin at nucleus (N) and abundant endoplasmic reticulum (ER). Inset shows the pair of
nuclei. (H) Follicle cells of atretic follicle showing condensed chromatin (cc) and abundant vacuoles either hyaline (vac) or containing electron-dense material (vat). Abundant
mitochondria (mit) were also observed. Asterisks mark intercellular space. Arrow indicates pinocytosis. (I) Detail of follicle cell cytoplasm evidencing electron-dense
mitochondria (mit) and autophagic vacuoles (vat) containing electrondense material. Bars = 2 mm.
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cytoplasm observed in healthy follicle cells (Fig. 3G), points to
concurrent apoptosis-like mechanisms in follicle cells in ovarian
atretic follicles.
3.3. Apoptosis is involved in follicle cell death in atresia during fungal
challenge
‘Based on the ﬁndings of follicle cell ultrastructure during
atresia, these follicles were tested for apoptosis. Frozen sections of
resorbing and healthy vitellogenic follicles were subjected to the
TUNEL assay, which speciﬁcally labels DNA fragmentation
characteristic of apoptotic cells. Fig. 4B, shows a positive labeling
in follicle cell nuclei of a resorbing follicle. As later developmental
stages of follicle maturation in many insects are associated with
apoptosis-like PCD of nurse cells and follicle cells (McCall, 2004),
control vitellogenic follicles obtained from Grace’s injected
females were also tested. Healthy vitellogenic follicles proved to
be TUNEL-negative (Fig. 4A), showing that the observed PCD is not
associated with follicle maturation at this developmental stage.
3.4. Yolk granules become acidiﬁed during follicle atresia induced by
fungal challenge
In many insect models, yolk granules become acidiﬁed during
normal embryogenesis (Giorgi et al., 1999; Motta et al., 2004) and
atresia (Uchida et al., 2001), leading to yolk degradation (Fagotto,1995; Uchida et al., 2001; Kotaki, 2003), whereas no reports of
these phenomena are known during normal oogenesis. Consider-
ing the resorptive phenotype observed in Fig. 2B–D, the acidiﬁca-
tion status of yolk granules in atretic follicles was addressed. R.
prolixus yolk granule suspensions were obtained using the protocol
described elsewhere (Ramos et al., 2007). However, only low yields
of granules were obtained from atretic follicles of challenged
insects. The incubation of these few granules obtained with
acridine orange (a marker of acidic compartments) evidenced their
precocious acidiﬁcation (Fig. 5B). Acidiﬁed vesicles were not
observed in suspensions obtained from control (healthy vitello-
genic) follicles (Fig. 5A).
3.5. Cathepsin-like proteases are involved in yolk resorption in atretic
follicles induced by fungal challenge
In order to address the mechanisms involved in yolk resorption,
the presence of serine- and cysteine-protease activities in extracts
of healthy vitellogenic and atretic follicles was tested, since these
proteases have already been implicated in yolk processing during
follicle atresia in arthropod and mammal models (Takahashi et al.,
1993; Giorgi et al., 1999; Uchida et al., 2001; Sriraman and
Richards, 2004). To address a possible interference of secreted
proteases of fungal origin, atretic follicles induced by Zymosan A
administration were also tested. Acid (pH 5.0) homogenates of
atretic follicles obtained from fungus- or Zymosan-injected
females presented high hydrolase activity against Z-Phe-Arg-
Fig. 4. TUNEL labeling of healthy and atretic follicles during fungal infection. Isolated follicles were dissected from females 48 h post challenge, processed for cryosection and
sections were processed for TUNEL assay as described in Section 2. (A) Healthy vitellogenic follicle from Grace’s injected female, showing no staining on follicular cell nuclei.
Note the columnar array of follicle epithelium and the abundant yolk granules. (B) Atretic follicle from female injected with A. niger conidia, showing TUNEL staining in follicle
cell nuclei and cell remnants along the epithelial layer (arrows). It is also possible to observe ooplasm alterations and follicle shrinkage. YG: yolk granule; Oo: oocyte; fe:
follicle epithelium. Bars = 50 mm.
Fig. 5. Precocious acidiﬁcation of yolk granules, protease activity and yolk contents in atretic follicles. Isolated follicles were dissected from females 48 h post challenge and
processed for isolation of yolk granules. (A and B) Granule suspensions were incubated with acridine orange as described in Section 2 and visualized under epiﬂuorescence
microscope. (A) Granule suspensions from healthy vitellogenic follicles from Grace’s injected females, showing no sign of acidiﬁcation. (B) Granule suspension obtained from
atretic follicle from female injected with A. niger conidia, evidencing acidiﬁed granules (arrows). Bars = 50 mm. Isolated follicles were homogenized in suitable buffer, and
protease assays were performed. (C) Activity assays using ﬂuorogenic substrates for cysteine (open bars) and aspartic (ﬁlled bars) proteases. 10 follicles per treatment were
obtained from females injected with Grace’s medium (vehicle), A. niger conidia or Zymosan A. Follicles were then homogenized at pH 5.0 (cysteine protease assays) or pH 4.0
(aspartyl protease assays) and Vmax for ﬂuorogenic product releases were recorded. Bars are mean + SEM for at least four independent experiments. (D): Protein from follicle
extracts obtained in neutral buffer (pH 7.0) were subjected to SDS-PAGE (10 mg protein/lane) followed by silver staining. Lanes: 1 = Grace’s medium; 2 = A. niger conidia;
3 = Zymosan A. Numbers on the right indicate Mr markers. Asterisks indicate expected positions for R. prolixus vitellin subunits.
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This activity was totally abolished by E-64 (not shown), a speciﬁc
cysteine-protease inhibitor, evidencing the important participa-
tion of this class on follicle resorption in R. prolixus. No signiﬁcant
proteolytic activity was observed in neutral (pH 7.0) homogenates
of both control and atretic follicles (not shown).
Cathepsin D is stored in the eggs of R. prolixus during oogenesis
(Nussenzveig et al., 1992) and takes part in yolk mobilization in
this model (Atella et al., 2005; Fialho et al., 2005). Based on this, the
contribution of aspartic proteases to follicle degradation was also
addressed. Atretic follicles generated via Zymosan A administra-
tion were also assayed. Cathepsin D-like activity was tested using
the ﬂuorogenic synthetic substrate Abz–AEALERMF-EDDnp that
displayed pepstatin-sensitive hydrolysis with R. prolixus day-3 egg
extracts (not shown), where cathepsin D-like activity is previously
reported (Atella et al., 2005; Fialho et al., 2005). Fig. 5C shows that
atretic follicles have higher levels of cathepsin-D-like activity than
those of healthy vitellogenic follicles of females treated with
Grace’s medium only.
To verify the integrity of protein content in follicles during
atresia, a SDS-PAGE of healthy vitellogenic and atretic follicle
extracts was carried out. Fig. 5D shows the electrophoretic proﬁles
of follicle homogenates at pH 7.0, where only a few bands could be
seen in the atretic follicles in comparison to the healthy
vitellogenic. Atretic follicles induced by Zymosan A administration
show a similar electrophoretic proﬁle of extensive degradation in
pH 7.0 homogenates. We attribute the difference observed in the
protein proﬁles between follicle extracts obtained from females
challenged with Zymosan A and those challenged with conidia to
the heterogeneity of atretic follicles in more or less advanced
stages of yolk resorption (Fig. 2D).
4. Discussion
Insect follicle atresia is a recurrent phenomenon in response
to environmental and physiological conditions and to immune
challenges (Bell and Bohm, 1975; Papaj, 2000), but little is
known about the mechanisms that trigger its response. In
infectious processes, some authors attribute this response to
host manipulation mediated by pathogen-derived metabolites,
including fungal entomopathogen-derived molecules (Roy et al.,
2006). It has been hypothesized that these host–pathogen
interactions increase host lifespan and thus improve chances of
dispersion of the pathogen and also divert host resources to
pathogen development (Cole et al., 2003; Hurd, 2003; Thomas
et al., 2005; Warr et al., 2006). However, pathogen-derived
manipulative molecules are poorly described to date (Hurd,
2003; Hurd, 2005), and yet the hypothesis of host-derived
adaptive response has received much less attention. Our
ﬁndings seem to characterize an example of adaptive response
to infection with the reduction of host ﬁtness in R. prolixus
infected with A. niger conidia. The response seems to be host-
derived rather than pathogen-induced, since A. niger is not
described as an entomopathogen. Besides, most of its strains do
not produce toxins (Schuster et al., 2002; Yu and Keller, 2005),
and are unable to synthesize chitinases, a virulence factor of
entomopathogenic species (Duo-Chuan, 2006; Roy et al., 2006).
Also, Zymosan A elicited a similar response with atresia of
vitellogenic follicles, proteolysis of yolk content and rise of
proteolytic activity in atretic follicles at levels comparable to
those achieved with fungal infection. Nonetheless, a possible
increase in host lifespan associated to the reduction of host
reproductive ﬁtness was not observed in our infection model,
pointing to more intricate interactions between manipulation of
host survival and reproductive ﬁtness (Hurd, 1998, 2003).PCD is an evolutionarily conserved physiological mechanism
that leads to the silent destruction of cells that are either no longer
necessary or are defective beyond possibility of repair (Desagher
and Martinou, 2000; Baum et al., 2005). In dipteran and
lepidopteran ovarian follicles, PCD of nurse cells and follicle cells
has been thoroughly described, pointing out the involvement of
apoptosis-like mechanisms evidenced by cytoskeleton alterations,
nuclear pyknosis, DNA fragmentation, morphological alterations of
mitochondria and the appearance of apoptotic bodies (McCall,
2004; Mpakou et al., 2006; Nezis et al., 2006a,b,c). Also, autophagy-
like mechanisms have been reported, with the appearance of
autophagic vacuoles (Nezis et al., 2006a,b,c; Mpakou et al., 2008)
showing the concurrence of both types of PCD in follicles under
normal follicle maturation and atresia under normal physiology. In
R. prolixus, the occurrence of volume reduction and morphological
alterations in follicle cells during atresia under physiological
conditions is reported (Huebner, 1981). Also in this model, mating,
starvation and allatectomy are related to follicle resorption and
diminished reproductive output (Wigglesworth, 1936; Pratt and
Davey, 1972; Davey, 2007). Regarding pathogen-associated PCD,
apoptosis has also been described for Anopheles ovarian follicles in
response to malaria infection and non-infectious immune chal-
lenge using LPS (Ahmed and Hurd, 2006). Therefore, our results
show a mechanism of PCD of follicle cells involving autophagy- and
apoptosis-related features in the atretic follicles in the Order
Hemiptera. These data integrate the ﬁndings in dipteran and
lepidopteran studies cited above, and point to a common
mechanism in response to developmental, environmental and
immune stimuli.
Storage of hydrolases is well described in oocytes of insects and
other animals, and yolk granules have already been described as
quiescent lysosomes (Fagotto, 1995; Giorgi et al., 1999). Activation
of previously stored proteases during atresia would constitute an
economical mechanism to reallocate energy stored as yolk content,
which has already been observed in a mosquito (Uchida et al.,
2001) and suggested in a bug (Kotaki, 2003). Additionally, a
growing amount of evidence has been accumulated about the role
of lysosome-released cathepsins, e.g. cathepsin D, on triggering the
apoptosis cascade in a caspase-independent fashion (Chwieralski
et al., 2006), which would represent an interesting possibility in
our model. Cysteine proteases are described as lysosomal and
extracellular enzymes in many models (Fagotto, 1995; Sriraman
and Richards, 2004) and have been shown to play a role as yolk-
degrading proteins in other models (Takahashi et al., 1993, 1997;
Yamamoto et al., 1994; Liu et al., 1996; Cho et al., 1999) but not R.
prolixus (Atella et al., 2005; Fialho et al., 2005; Nussenzveig et al.,
1992). In R. prolixus the acidiﬁcation of yolk granule preparations
from oocytes and developing eggs has been reported to lead to
pepstatin-sensitive, leupeptin and antipain insensitive yolk
proteolysis (Nussenzveig et al., 1992; Fialho et al., 2005). Based
on these data and in our data of concurrent cysteine and aspartic
protease activities in atretic follicles, we propose that yolk
degradation in R. prolixus atresia is mediated by novel synthesized
cysteine proteases, since these hydrolases probably do not play a
role in yolk degradation in this model (Nussenzveig et al., 1992;
Atella et al., 2005; Fialho et al., 2005). At this point, however, a role
of cysteine proteases in normal follicle cell degeneration during on
the onset of choriogenesis and/or during atresia process cannot be
ruled out since previous work may have overlooked it due to its
minor contribution in whole oocyte homogenates. De novo
synthesis of Cathepsin L on follicle atresia has already been
recorded, although only in mammalian models (Sriraman and
Richards, 2004).
Together, these results show that infection leads to atresia of
the ovarian vitellogenic follicles in R. prolixus with apoptotic and
autophagic death of follicle cells, allowing us to extend and
M.N. Medeiros et al. / Journal of Insect Physiology 57 (2011) 945–953952complement the literature of PCD in ovarian follicles from
lepidopteran, hymenopteran and dipteran models to a hemipteran
ovary model. As the disturbance of hormone signaling is known to
induce atresia in R prolixus, we speculate that local signaling, e.g.
eicosanoid signaling, involved both in immunity and reproduction
(Medeiros et al., 2002, 2004; Stanley, 2006; Machado et al., 2007),
could be disturbed in mycosed animals. It is also tempting to
reinforce the possible major role of the host-mediated ﬁtness
adjustment over pathogen-mediated manipulation during micro-
bial challenges. Studies of PCD involvement during normal
differentiation of the follicle epithelium at later stages are still
to be performed and may shed light on understanding the
differences between developmental and induced PCD in the
telotrophic ovary of Hemiptera. The ongoing R. prolixus Genome
Project could provide important tools for the study of genetic
programming of oocyte development and atresia and also for
mechanisms related to PCD.
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